We have measured fragmentation cross-sections of protonated water cluster cations
I. Introduction
When a molecule, an atom or an ion collides with a solid target, it loses its energy in small steps through collisions with the constituents of the target. At energies above 1 keV or so, the energy loss is mainly through electronic excitation of the target. The energy loss per unit length (the "stopping power") increases as the velocity decreases and reaches a maximum, which leads to the well-known "Bragg peak" at some penetration depth. At this point, the particle loses so much energy that it may damage or otherwise modify the target. Afterwards, the projectile keeps flying, with much less energy, in the 10-100 eV range. Electronic excitation is then impossible, so that the energy loss is through "nuclear" (or "vibrational") excitation of the target. This type of excitation does not lead to mere structural modification of the target, only to some heating, which is almost not observable in bulk targets.
Collisions between clusters and molecules, atoms or ions lead basically to the same effects. High energy collisions, where electronic excitation occurs, have been widely studied, both experimentally and theoretically [1, 2, 3, 4, 5, 6, 7 and references therein]. In those studies, an effect specific to binary collisions, charge exchange, often occurs [1, 8] . Collisions in the energy range where nuclear excitation occurs have been much less studied per se [3, 9] . On the other hand, they are often used as a mean to determine the stability of complexes, as in Ref. 10 . A variety of effects are expected. The impinging particle may:
(i) Kick out a constituent of the cluster: this is the mechanism of "direct" or "impulsive" fragmentation. A variant is a "direct exchange" between the projectile and one constituent of the cluster.
(ii) Transfer some energy to the cluster, which is therefore heated, thus leading to the subsequent evaporation of one or more particles: this is the mechanism of "thermal fragmentation". (iii) Attach to the cluster for some time. If this time is long enough to observe the resulting cluster, the collision is considered "sticking" or attaching. If the impinging molecule evaporates before the cluster is observed, some energy has nevertheless been transferred to the cluster and the subsequent behavior is the same as in case (ii). Another eventuality after attachment is that another constituent of the cluster is evaporated first, leading to "thermal exchange". (iv) Undergo an almost elastic collision with the cluster, which leads to unobservable consequences in our experiment (no change of the mass of the cluster).
Since in all cases except (iv), the initial process may be followed by other evaporations, the different cases can only be discriminated experimentally if one is able to detect all the collision products in coincidence. Some of the studies performed at higher energies use coincidence devices [6] , but all the works we are aware of in the low energy range are based on the observation of fragmentation patterns, as in Ref. 9, 10 and 11. In this paper, we present the measurement of absolute fragmentation cross sections of positively charged protonated water clusters induced by collisions with water molecules. The clusters have a controlled internal energy, a well-defined size, and the collision energy in the center-of-mass (CM) frame can be accurately varied from  0.1 eV to 300 eV. Fragmentation of water clusters induced by collisions with different targets has already been reported [7, 12, 13, 14] . Dissociation cross-sections have been reported by Armentrout's group [15, 16] , for small (less than seven water molecules) protonated water clusters. Those experiments allow reaching very low collision energies, but lack control of the cluster temperature. In this size range, our cross section measurements are very close to theirs. We are able to reach much higher sizes, and to fix the clusters temperature, which allows a better control of the collision parameters.
The main result of our work is that in a wide collision energy range (roughly between 5 eV and a few hundreds of eV), and for roughly one third of the head-on (i.e. inside the geometrical cross section of the cluster) collisions, such a small amount of the collision energy is transferred into internal energy of the cluster, that the cluster does not fragment at all, i.e. case (iv) above is observed. The high rate of almost elastic collisions is very puzzling, since simple models of clustermolecule collisions lead to a significant energy transfer for head-on collisions. One of those models, the line-of-centers one [17] is used below to model the shape of the cross section as a function of energy.
An amazing "transparency effect" has been predicted in Ref. 3 for sodium cluster, where the projectile goes all the way through the target almost without loss of energy. While the electronic and spatial structures are very different in sodium and in water, it is possible that we observe a similar process. Actually, this effect has been reported in Ref. 6 in the case of fullerene-He + collisions at high energy, although the observation is based on the measurement of relative cross-sections, while absolute measurements would be more conclusive. In Ref. 7, the authors have studied the collision of protonated water clusters at high collision energy with He and Xe atoms and observed a transparency effect. Absolute cross sections have been measured in Ref. 9 for fullerene-rare gas collisions, and are again much lower than the geometric cross section. It should be mentioned that channeling effects [18] , i.e. the almost lossless travel of an ion through a macroscopic crystal, have long been known. Those effects are very similar to Saalmann and Schmidt's [3] transparency effect.
II. Experimental setup
The experimental setup has already been detailed elsewhere [19] . Water clusters are produced in a gas aggregation source. Right after production, they enter a cell whose temperature can be varied between 25 and 400 K. In this cell, clusters undergo thousands of collisions with the carrier gas, which is enough to accurately fix their temperature. The clusters are then mass-selected and their velocity can be reduced, using a special electrostatic device [19] , to reach kinetic energies as low as a few tenths of an eV in the CM frame. At this point, we get clusters with a known size, a known kinetic energy and a Boltzmann internal energy distribution at a known temperature. Those clusters then enter a 5 cm long collision cell that contains a controlled pressure of water vapor. Typical values for the water vapor pressure in the cell range from 1 to 3.10 -4 mbar in order to keep the average number of collisions below unity. In the case of water, evaporation occurs before clusters reach the collision cell when their temperature is above roughly 130K; to prevent this phenomenon, clusters' temperature has been kept below 130 K all along the experiments. These clusters undergo collisions with the water molecules of the vapor, and the products are mass analyzed in a high resolution time of flight mass spectrometer. From these mass spectra, absolute cross sections of the reaction that took place in the cell are deduced. Two kinds of reactions can be studied. First, owing to the very low collision energy, long lived products can be created, which allows measuring attachment cross sections [20, 21, 22] . Second, fragmentation cross sections can also be measured at higher collision energies, whose analysis is the aim of this paper.
III. Computation and calibration of fragmentation cross sections
Our raw experimental data are fragmentation patterns such as that of (H 2 O) 30 H + displayed in figure 1 for different CM collision energies. To deduce absolute cross-sections, we use a procedure close to that of Kinsey et al [23] . We recall it briefly: first, for a given incident cluster's velocity 0 v , an apparent fragmentation cross section is deduced from the mass spectra by the relation:
where 0 I I is the ratio between the integrated intensity of parent I and the total integrated intensity 0 I , including the fragments and the parent,  is the density of the vapor in the collision cell, l is the length of this cell. Relation (1) must then be corrected in order to account for two factors: a) the velocity distribution of molecular targets, and b) the velocity dependence of cross sections.
a) The velocity 0 v is associated to a mean relative velocity: Finally, the cross-section at mean velocity v is deduced from the following relation [23] :
As soon as 20  a , which corresponds to an incident energy of 15 eV for a cluster of size 30, all the correction factors are very close to 1 and can be dismissed. This criterion is valid provided that the cross-section is measured for collision energies high enough above the threshold for dissociation, which is the case in our experiment.
To apply Eq. (1), an important parameter must be determined, namely the product of the density Since the cross-section is deduced from the slope of such a curve, there is no need in knowing the absolute density in the cell but rather to have a correct measurement of its variation. The density  in the cell is deduced from the relation
where P cel is the pressure measured in the collision cell, T cel its temperature and k B the Boltzmann constant. The pressure is simultaneously measured by an ionization gauge (Leybold Ionivac ITR 90) and a capacitive gauge (Leybold Ceravac CTR 91). The capacitive gauge provides accurate gas independent pressure variations. Of course the pressures given by these gauges might be off by an unknown amount, however, this would not affect the major conclusions of the present paper since fragmentation cross-sections can be directly compared with attachment cross-sections previously measured with exactly the same experimental setup and using the same data processing method. In particular the same gauges were used, so that any systematic error in pressure measurements would have the same effect in both experiments. Since all the attachment cross sections measured in Ref. 20 converge towards the same values at large sizes (see Fig. 9 of [20] ), this common value is likely to be close to the geometrical cross section, which is calculated as follows: define an effective interaction radius
R is the molecular radius and
is the cluster radius , assuming that the clusters are spherical; the geometrical cross section is then:
In bulk ice, the value of that some models could lead to a higher cross section than geometrical. We therefore adopt a conservative attitude in this paper and use a geometrical cross section given by Eq. (4) and a value 98 . 1 0  R Å. Doing this, the ratio of the measured cross section to the geometrical cross section might be overestimated by at most 17 %. This means that all the experimental ratios presented below are upper bounds for the actual ratios. Our point is that those experimental ratios are too low 5 by about 35 %. Actual ratios might be even lower. Anyway, the absolute values deduced for the cross-sections compare well to values found in the literature (see section IV 1.).
One may be concerned by the influence of multiple collisions on the determination of the crosssections. Indeed, if for some collisions the energy transfer is rather inefficient, only a small portion of the collision energy is converted into internal energy of the clusters, which is just not enough to lead to fragmentation. But a second collision, still with a rather inefficient energy transfer, could induce fragmentation. Thus, multiple collisions might well artificially increase the measured cross-section. One way to ensure that one measures cross-sections in single collision conditions is to extrapolate the cross-sections measured at different pressures to zero pressure value. Equivalently, as already mentioned, we have checked that the quantity   0 ln I I  evolves linearly with the density in the collision cell (see Fig. 2 ). In any event, multiple collisions will induce a measured cross-section higher than it is actually.
Another issue with the way we compute 0 I is that we suppose that all the charged fragments are detected, so that the sum of all the detected intensities is the same as the intensity of the parent cluster entering the cell. This might not be so if either some fragment gets undetected because it has been deflected away, or if a small charged fragment is ejected, which cannot be detected. Another way to measure 0 I , which is more experimentally demanding, is to take the intensity of the parent cluster when there is no gas in the cell, and compare it with the intensity I at a given pressure in the cell. For this to be done, a reference mass spectrum at zero pressure must be recorded before and after each fragmentation spectrum. The results obtained are the same as previously, which indicates first that our measurements using Eq. (1) are valid, and second that the main evaporation channel is, unsurprisingly, the loss of small neutral monomers.
IV. Experimental Results

Fragmentation cross section
The fragmentation cross sections have been measured for both protonated water clusters (H 2 O) n H + impinging on H 2 O water molecules and deuterated heavy water clusters (D 2 O) n D + impinging on D 2 O heavy water molecules. There is no major qualitative difference between both cases. The ratios of the fragmentation cross sections to the geometric cross sections The most noticeable feature in the evolution with collision energy of the fragmentation of water clusters is that, even at collision energies of hundreds of eV, the fragmentation cross section never reaches the geometrical cross section. Up to about 5 eV, the fragmentation unsurprisingly increases with collision energy, although the large size dependence of the curves is hard to interpret. For higher energies, the ratio This kind of fragmentation behavior, characterized by a maximum in the fragmentation probability plotted as a function of collision energy, has been also observed, in a comparable energy range, for the fragmentation of positively charged fullerenes induced by collisions with Ne and Ar [9] . However, the observations of ref. [9] are different from ours. First, in C 60 + +Ar collisions, the maximum fragmentation cross section reaches, within experimental accuracy, the geometrical cross section (in the case of Ne, the maximum is at 80 % of the geometrical cross section). It is clearly not the case for (H 2 O) n H + -H 2 O collisions, where absolute cross sections are much lower compared to geometrical cross sections. Furthermore our results are more reliable since they can be compared to the results obtained in attachment experiments. Second, the fall in the cross section at high energy in [9] is mainly attributed to the time available for thermal fragmentation, which decreases as the collision energy increases. As shown by our simulation of thermal evaporation presented in Sec. IV C, which takes into account the propagation time after the collision cell and its variation with size and collision energy, this effect cannot explain the fall of the cross section at high energy in our case.
Thermal effect
Total fragmentation cross sections are not enough to discriminate between the various collision processes described in the introduction. However our experiment gives more information. First, the initial temperature of the clusters can be varied: it is very likely that the temperature dependence of the cross section be different whether the fragmentation is direct or statistical. Second, the fragmentation patterns also contain relevant information: we postpone the results on fragmentation patterns to the next paragraph and concentrate for now on the temperature effects. We first rule out another temperature effect, namely fragmentation induced by absorption of black body background radiation of the experiment chamber at room temperature. This source of fragmentation can be excluded since the lifetime of protonated clusters exposed to a black body radiation spectrum at 300K, in the size range 50 5   n , is larger than 10 -1 s [24] , which exceeds by far the time of flight of the clusters in our experiment, which is in the 100 µs range.
The collision-induced fragmentation cross sections observed in the collision (H 2 O) 30 H + + H 2 O are shown in figure 4 , for two different initial temperatures, namely 25K and 100 K. At those temperatures there is no spontaneous thermal evaporation before the clusters enter the collision cell [22] . If there is indeed a statistical redistribution of the collision energy among all internal degrees of freedom followed by thermal evaporation, the fragmentation rate should depend only on the total internal energy after the collision, which is the sum of cluster's initial thermal energy and collision energy. Then, in a thermal evaporation scheme, increasing the initial temperature of the cluster is expected to lower the collision energy that leads to a given fragmentation rate. It is exactly what is observed by comparing the fragmentation rates obtained at two different initial temperatures, which is a first indication that the main fragmentation mechanism is thermal.
Fragmentation patterns
Fragmentation patterns may be used in order to discriminate between thermal and direct fragmentation: in the case of thermal fragmentation, they can be reproduced with a model based on classical evaporation theories, while in the case of direct fragmentation, the intensities of the peaks, at least those close to the parent, are not expected to be reproduced by a statistical model. On the other hand, the interpretation is model dependent. The model itself is made of two pieces: first, a model for the collision process, which gives the distribution of energy deposited in the cluster; second, a model for the evaporation itself. The second one has been the most studied in cluster physics, and is now well established. Two main analytical approaches can be used, which give roughly the same results for our purpose: an Rice-Ramsperger-Kassel model or a Weisskopf model. They assume that the cluster evaporates monomers by sequential unimolecular decay. We used Engelking's derivation of the Weisskopf model [25, 26] to describe this decay. The Weisskopf expression of the decay rate of a cluster made of n monomers and bearing the internal energy E is:
where  0 is the intermolecular vibrational frequency,  the reduced mass,  geo the geometrical cross section as given by Eq. (4), and α the number of degree of freedom per molecule. The sizedependent dissociation energies D are taken from the experimental work by Hansen and coworkers [27] .
The internal energy of clusters as a function of their temperature ( E in relation (5)), is given by the Einstein model for the phonon statistics:
where B k is the Boltzmann constant. In the temperature range (25K-100K) covered in our fragmentation experiments, the internal energy calculated using Eq. (6) is close to that determined for water clusters by Hock and coworkers [28] , who measured the heat capacity of negatively charged water clusters for 48  n and 118  n . The heat capacities per molecules of water clusters, which do not vary noticeably between the two sizes 48 and 118, are not expected to vary dramatically from negatively to positively charged clusters [30] .
Note that the number of degrees of freedom per molecule  has not been fixed so far to a particular value in the above relations (5) and (6) . As a matter of fact, this parameter cannot be determined unambiguously and must be considered in such a simplified model as an effective value. First, this quantity varies with temperature: For instance, the number of degrees of freedom per molecule deduced from the ice caloric curve varies between 0.5 and 4.5 when the temperature goes from 25 K to 270 K.. Furthermore some internal modes might not couple well with the dissociation coordinates [15] . Moreover, there are discrepancies in the literature concerning the effective number of degrees of freedom of water clusters: Hock et al find that their caloric curve is similar to the one of bulk ice at low temperature [28] whereas others deduce a value close to 6k B [29, 30] , much higher than the one deduced from bulk ice caloric curve. Anyway, changing the value of the number of degree of freedom in eq. (5) can be easily compensated by slightly changing the prefactor.
We performed several calculations using a number of degrees of freedom varying from 3 to 6 per molecule. The frequency Since the energy transfer during the collision depends in a complicated manner on the impact parameter and the initial orientation of the cluster, it is much harder to model the collision process. We used the well-known line of centers model [17] , which assumes that the energy transferred t E is the collision energy diminished by the centrifugal energy at distance
When the statistical distribution of impact parameters is taken into account, the distribution of deposited energy is uniform between 0 and the maximum available energy, that is, the collision energy.
Using a Monte-Carlo sampling of the energy transferred, fragmentation patterns and dissociation cross sections can both be simulated using the above models. The comparison with experimental results is shown as solid lines on Fig. 1 for fragmentation patterns and Fig. 4 for cross sections. The agreement is very satisfactory, which indicates that sequential unimolecular evaporation is the most probable fragmentation mechanism in our experiments. However, to reproduce the experimental results in both cases, we had to adjust the only free parameter of the model, namely the molecular radius The main conclusion of this section on experimental results is that all the observed effects are compatible with a thermal mechanism, except that roughly 35 % of the head-on collision do not lead to fragmentation and thus are unobservable in our experiment.
V. Discussion
We first want to stress that the above value of 35% for non-fragmenting collision is huge: for instance, the experimental fragmentation cross section of
at a collision energy of 40 eV (with an initial cluster temperature of 25 K) is 140 Å 2 , whereas the geometrical cross section is 210 Å 2 : this means that the experimental fragmentation probability is 65%, and 35% of the collisions that occurs within the hard sphere cross section do not undergo fragmentation. On the other hand, the Weisskopf model (Eq. (5)) predicts that the fragmentation time becomes of the order of the observation time when the energy transferred is about 1.5 eV. If the hypothesis of uniform distribution of the transferred energy were true, this would mean that at most 4% of the collisions within the geometrical cross section should be non-fragmenting at 40 eV collision energy.
It is hard to interpret the above result without detailed simulations. In the following, we propose a few hypotheses, which might lead to the observed effect. A first possibility is that the incoming molecule undergoes an elastic collision with a unique molecule of the cluster. However, either the target molecule stays in place, and it receives less than about 1.5eV, which means that the impinging molecule undergoes a very small deviation, and has a high probability to interact with another molecule of the cluster, or the whole energy (minus maybe about 1.5 eV) is transferred to the target molecule, which is then ejected. We have ruled out this second process by performing collision between H 2 O clusters and D 2 O molecules, which show negligible exchange. And the first process is very likely to eventually deposit a significant amount of energy inside the cluster.
Another possibility is that the interaction between the molecule dipole and the cluster charge is repulsive, due to the orientation of the dipole, which for some reason remains frozen during the collision. This could explain why the impinging molecule would be substantially deviated without exciting the cluster, since the repulsion would be at long distance. We have no idea however of the probability of such an event. We can anticipate that it might be dependent on the collision time, since the dipole orientation and the cluster vibration have to be considered frozen.
Actually, a striking feature is displayed in Fig. 6 , which might support the hypothesis of a temporal effect related to the vibrational excitation of the clusters. In this figure, the fragmentation cross sections are plotted as a function of the interaction time. The collision time as a function of size and kinetic energy in the lab frame is given by [22] :
Here, n is the number of molecules in the cluster, m and 98 . 1 0  R Å are the mass and radius of a single water molecule, respectively, T is the temperature of the collision cell. Fig. 6 shows that, for collision times greater than the intermolecular vibrational period (deduced from the value of 0  used in expressions (5) and (6) ), the energy transfer, thus the fragmentation rate, increases as expected with increasing the collision energy (i.e. with reducing the interaction time). However, when the collision time becomes smaller than the intermolecular vibrational period, the fragmentation rate stops increasing with collision energy, and even decreases for D 2 O clusters. In this case, the energy transfer decreases as the interaction time decreases. In the frame of simple impulsive models where the impinging water molecules hits an individual water molecule of the cluster, this behavior cannot be supported by classical approaches such as the well known "spectator model" [17] in which the energy transfer is expected to be more efficient as the interaction time decreases.
A third hypothesis is that the impinging molecule goes through the cluster without transferring a noticeable energy, as observed in numerical simulations by U. Saalmann and R. Schmidt [3] on sodium clusters. Of course, the structures of sodium and water clusters are different. However, it is known that water can form clathrate structures, with a lot of empty space inside, and it has been shown that water clusters in our size range are amorphous [32] . Whether those structures might allow or hinder an energy-lossless traversal is of course unknown. As pointed out in [3] , when the collision time becomes smaller than the typical vibrational period of the cluster, the energy transfer between the projectile and the target becomes less efficient. This is again in agreement with the behavior shown in Fig. 6 .
VI. Conclusion
Measurements of collision-induced fragmentation cross sections in water cluster-water molecule collisions have shown that the part of collision energy transferred into cluster's internal energy is significantly smaller than expected in the collision energies window 5-100 eV, where 35 % of the collisions that occur within the geometric cross section do not lead to fragmentation although the energy transferred to the cluster is expected to be by far large enough to induce thermal evaporation.
The measured fragmentation cross sections are compatible with an interpretation in the frame of a thermal evaporation model. It has been shown that, according to the hypothesis of statistical thermal decay, the relevant parameter for calculating the evaporation rate is the total internal energy, that is the sum of the initial thermal energy plus the collision energy, and should consequently depend on both collision energy and initial cluster temperature: At constant collision energy, in this energy range, the measured fragmentation rate indeed varies with the temperature of the cluster, in good agreement with the predictions of the thermal model.
For collision energies ranging from about 5 eV up to tens of eV however, the fragmentation cross sections of water clusters colliding with single water molecules is roughly constant, and reach a value significantly smaller than the geometric collision cross section. This means that, in this energy range, water molecules hit water clusters at higher and higher velocity without increasing the cluster internal energy, as if water clusters were partially "transparent". At the energies considered, the collision energy is likely to be transferred directly to the cluster's vibrational modes without involving electronic excitation.
This puzzling behavior is not yet really understood. However, it is worth noting that it seems to be similar, to some extent, to the one predicted for sodium-rare gas collisions by U. Saalmann and R. Schmidt [3] , who ascribed tentatively this vibronic transparency effect to the relative velocity between projectile and target becoming too large to excite cluster's vibrational degrees of freedom. 
Figure captions
Figure 2:
Experimental data points for -ln(I/Io) (see relation (1)) as a function of the product of water vapor density in the cell times the cell length. The continuous line is a linear fit through the data points. The fit yields a value of 125 Å 2 for the fragmentation cross-section. The data points are obtained for (H 2 O) 30 H + clusters at a collision energy of 2.3 eV. 
